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Abstract 
This paper presents numerical simulations of hypervelocity impacts of 0.5-mm steel spheres into graphite, for velocities ranging between 
1100 and 4500 m/s. Experiments have evidenced a non-monotonic evolution of the projectile penetration depth, along with the trapping of 
the projectile below the crater surface. Using numerical simulations and simple constitutive relations, we show how our experimental 
results can be related to both materials mechanical properties. We take advantage of the succession of physical mechanisms to build a step 
by step procedure and identify thresholds of yield and spall strength that allow a first restitution of the experimental results. These 
threshold values for the steel projectile were found to be consistent with the literature. As regards the graphite target, the yield strength 
has also been identified, and we propose to model its dependence with pressure through a linear relation. Comparisons between 
experiments and simulations are presented and discussed. Despite some difference at the highest impact velocities, the overall trend is 
well reproduced, which suggests that our results could be used as a starting point for further studies with more complex models. 
Keywords: graphite; steel; damage; simulation; modelling; projectile fragmentation 
1. Introduction 
The dynamic behavior of composite materials under hypervelocity impacts (HVI) is a major concern for aerospace 
industry, and a challenging problem for simulation [1-3]. The range of materials exposed to HVI continuously increases. 
Metals have been widely studied, both experimentally [4] and through the use of hydrocodes [5]. Due to their low density 
and high mechanical properties, composite materials are now more and more used in the aerospace industry. For instance, 
the behavior of composites with carbon components has been examined under HVI [6-7]. Thus, in order to improve the 
predictive capabilities of hydrodynamic simulations for such materials, HVI studies on graphite are of particular interest. 
Published experimental results give crater dimensions in porous graphite for a large variety of projectile materials and 
velocities [8]. However, it has been shown that in the case of a steel sphere projectile, it remains buried below the surface of 
the crater [9]. For the highest velocities, i.e. above 4000 m/s, hydrodynamic simulations have been used to explain this 
behavior, likely related to the damage and rupture process in graphite [9]. More recent results have been obtained at lower 
velocities, down to 1200 m/s, which show that the projectile penetration depth (PPD) follows a non-monotonic evolution, 
where the plasticity and rupture of the steel sphere are expected to play a major role [10].  
The purpose of the present work is to extend the numerical simulations to the whole range of impact velocities, with two 
main objectives:  
 
 
* D. Hébert. Tel.: +33 5 57 04 69 81; fax: +33 5 57 04 54 33. 
E-mail address: david.hebert@cea.fr 
© 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Curators of the University of Missouri On behalf of the Missouri University of Science and Technology
160   D. Hébert et al. /  Procedia Engineering  103 ( 2015 )  159 – 164 
x to show how our experimental results can be related to both materials mechanical properties, especially yield and spall 
strength;  
x to identify thresholds of yield and spall strength, that allow a first restitution of the experimental results. 
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Fig. 1. Slice from the post mortem tomography (3.5 μm / px) of a MICA shot at 2685 m/s, corresponding to regime R2. (a) Dark gray: empty spaces 
(surface crater, cracks); gray: EDM3 graphite; white: steel from projectile (coming from the left), showing strong deformation. (b) Magnified view of the 
projectile with grey rescaling, suggesting incipient cracking.  
First, the HVI experimental set-up and results are summarized. Then, we describe the numerical tools and material 
models, for which some parameters are not precisely known, especially regarding their strength and damage models. Our 
procedure to identify the missing parameters is presented in the last section. 
2. HVI experiments on porous graphite 
Cratering experiments have been conducted with 0.5-mm diameter AISI 52100 steel spherical projectiles (hardened in 
the range 60-65 HRC) and 30-mm diameter, 15-mm long graphite targets. This graphite is a commercial grade from the 
POCO company [11] and is macroscopically isotropic with a 1754 kg.m-3 density. The main mechanical characteristics of 
both materials can be found in [9-12]. Projectiles were launched by MICA, a two-stage light-gas gun [9], at velocities 
ranging between 1.1 and 4.5 km.s-1. They orthogonally impacted the cylindrical graphite targets, creating a crater on the 
front surface. Post-mortem tomographies revealed that, in most cases, the projectile remains are buried into the sample (cf. 
Fig 1a). It also gave the main dimensions such as diameter, depth and volume of the apparent crater and the maximum depth 
of the projectile. All details concerning the shot characteristics and the dimensions are given elsewhere [10], and we will 
just provide here a summary of the observations: 
x in the first regime, called R1, and which corresponds to impact velocities below 2000 m/s, the projectile remains roughly 
spherical and its penetration depth linearly increases with impact velocity; 
x at higher impact velocities, a second regime (R2) corresponds to plastic deformation of the projectile, associated with a 
strong and continuous decrease of the penetration depth as impact velocity increases; 
x for impact velocities exceeding ~ 3200 m/s, the projectile fragmentation is observed, and its penetration depth is almost 
constant (regime R3). 
 
The succession of these three regimes suggests that the PPD is strongly related to the projectile dynamic behavior, and 
not only to the target one. We will now present the numerical tools that we have used to interpret these experimental results. 
 
3. Description of the hydrocode and models 
3.1. Hydrocode 
Simulations have been made with the eulerian hydrocode Hesione developed at CEA. This code solves multi-material 
flow equations on a 2D cartesian grid with axial symmetry using the BBC numerical scheme [13]. In the present study, the 
mesh size was 12.5 μm, and we checked that the simulations results were not sensitive to further mesh refinement. The 
161 D. Hébert et al. /  Procedia Engineering  103 ( 2015 )  159 – 164 
Hesione code solves the three conservation equations (mass, momentum and energy) where stress tensor is splitted into two 
parts: 
x Pressure: calculated by means of an equation of state (EOS); 
x Deviatoric stress tensor: given by an incremental constitutive relation and limited by a flow (yield) stress. 
3.2. Material models 
The behavior of EDM3 is described with the POREQST model, which supplies EOS for porous materials. A schematic 
of this model is provided on Fig 2, and a complete description is done elsewhere [14]. Standard mechanical properties of 
EDM3 such as elastic moduli are used as input parameters. A static compression curve measured in confined compression 
tests is used to model compaction. Dense graphite is described with a Mie-Grüneisen EOS, whose parameters have been 
fitted to the 7832 SESAME table. It has been validated on laser [15] and plate impact experiments [16], where compaction 
is the very dominant feature. The simulations of these 1D experiments are not sensitive to the deviatoric behavior of the 
material, and the yield stress remains essentially unknown.  
The steel projectile is described with a classic Mie-Grüneisen EOS. However, a lack of knowledge persists for its 
constitutive relations, especially its yield and spall strength. Indeed, the very small size of the steel spheres (500 μm) 
strongly limits the possibility of elementary dynamic testing. Moreover, since the projectiles stem from bearings with a 
specific manufacturing process (hardening, grinding and lapping) it is unlikely to obtain suitable literature data, or large test 
volumes of exactly the same material that would be necessary for plate impact experiments. 
In this work, according to the two objectives listed in the Introduction, it seemed appropriate to use a very simple 
approach for the determination of major mechanical thresholds. As regards constitutive relations, we chose an elastic 
perfectly plastic model for both materials, and concerning damage we used simple tensile failure models: a constant spall 
strength for steel, and a threshold on the distension ratio for graphite. If the damage criteria are exceeded, then a cavitation 
algorithm relaxes pressure and stresses to zero, and sets a damage variable to 1. This variable, wherever equal to 1, sets the 
materials tensile strength to zero. 
We will show in the following section that the sequence of phenomena presented in §2 can eventually be related to our 
model parameters in a step by step procedure, which we describe hereafter. 
 
 
Fig. 2. Schematic of the POREQST model in zero internal energy plane. A typical loading-unloading path is given by the dashed arrow: first, the behavior 
of initial porous material is described by an elastic surface; then, compaction occurs until the unloading, which makes the pressure decrease elastically on 
an intermediate surface; if material is put under tension, it follows the same intermediate surface down to the irreversible pore re-opening curve. 
4. Simulations and parameter identification 
4.1. Procedure 
In the first regime (below 2000 m/s), post mortem observations have shown that the projectile remains roughly spherical. 
Simulations can thus be performed with the assumption that the steel sphere is a rigid body, the computed penetration depth 
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being only related to the graphite mechanical properties. Since we had good confidence in the EOS for this material, 
validated on plate impact experiments [16], the experimental results allowed us to tune the graphite yield strength Yg.  
The onset of regime R2 corresponds to incipient plastic deformation in the projectile, without rupture. Simulations at the 
threshold velocity of 2200 m/s can thus be used to estimate the effective yield strength Yst in the steel model. Once this 
value set, the governing parameter for penetration depth at higher impact velocities is again the graphite yield strength Yg 
(for which we may allow an evolution with pressure).  
As can be seen on Fig 1b, tensile failure of the projectile begins in regime R2. We will use this data to adjust its spall 
strength but keeping in mind that complete rupture only appears in regime R3, i.e. above the threshold velocity of 3200 m/s.  
4.2. Results 
Following this procedure, the following material parameters were identified: 
x yield strength of the steel projectile: Yst = 3 GPa;  
x spall strength of the steel projectile: 6st = 6 GPa; 
x yield stress of graphite: Yg was modeled as a linear function of pressure P, increasing from from Yg = 0,1 GPa at P = 0, 
to Yg = 2 GPa at P = 25 GPa. 
 
The experimental and computed PPD are compared on Fig. 3a over a broad range of impact velocities. The above set of 
parameters allows the simulations to reproduce the major trends described in §2. A qualitative agreement with the 
experimental results is observed over the whole range of impact velocity. Below 2000 m/s, the PPD increases and the 
projectile remains almost spherical (regime R1). Then its shape flattens (regime R2), leading to a decrease of PPD while 
impact velocity increases. Quantitative agreement has also been obtained in regime R1, but some discrepancy appears in 
regime R2, since a strong coupling begins between the graphite and steel behavior. Indeed, our plasticity and damage 
models for steel are very simple (no strain hardening nor strain rate dependence), which may explain this result. As 
illustrated on Fig. 3b, where the projectile final shapes are presented, one can notice slightly too much deformation and 
damage in regime R2, causing an excessive drag on the projectile. Moreover, 2D axisymmetric simulations cannot 
reproduce the 3D aspects of projectile fragmentation observed in regime R3, and the simulations overestimate the PPD. 
However, despite these limitations, the comparison with experimental data is satisfactory and confirms the validity of our 
phenomenological analysis.  
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Fig. 3. Comparison between the experimental results and simulations in a wide range of impact velocities. (a) Plot of the penetration depth of the steel 
projectile, scaled to its original diameter. (b) Final shape of the projectile (coming from the left) for 3 impact velocities corresponding to the 3 regimes: 
reconstructions from tomographies are in grey, simulation results are in a color scale representing damage (blue for intact, red for fully damaged  material). 
Because the projectile remains symmetric only half of the geometry is presented for regimes R1 and R2.  
4.3. Discussion  
The steel parameters obtained here (Yst and 6st) are in good agreement with data available in the literature. For instance, 
the high yield strength of steel used in our simulations is consistent with the high hardness required for bearings [17]. It 
must be pointed out that the high strain rates considered here (e.g. 6.105 s-1 for impact conditions corresponding to Fig. 1b) 
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can explain why the spall strength of the projectile lies in the upper range of previously published values [18]. Thus, in spite 
of their simplicity, our models seem physically realistic and appropriate to give threshold values. It suggests that this kind of 
experiments could be used for dynamic characterization of other metallic projectiles, as an extension of the Taylor impact 
test at higher velocities and for very small size materials. 
For better quantitative agreement, the next step would be to use more complex models with more physics but more 
parameters, especially for the steel sphere, such as Johnson-Cook [19]. However we suspect that due to the specific 
behavior of our steel spheres (cf. §3.2), some parameter fitting will probably be necessary, and facilitated by the 
identification of the major thresholds that we have done here. Nevertheless, this future improvement of the steel model is 
expected to improve the accuracy of the simulations only in regime R2. In fact, our model is sufficient for regime R1 (no 
plastic deformations). And as regards regime R3, 3D simulations will be needed to be able to reproduce the fragmentation 
of the projectile. Hence, a more realistic steel model will not be sufficient to obtain quantitative agreement between 
experiments and 2D simulations only. 
Finally, we note that the failure model of graphite has not been discussed in the procedure described in §4.1. Indeed, 
according to our simulations, the projectile penetration depth shows little sensitivity to the parameter Pl, that limits the 
tension in the material (cf. Fig. 2), and to the ultimate distension ratio at failure. Thus, the calibration of these parameters 
will have to rely on other experimental data, such as the crater diameter. 
 
5. Conclusion 
The tomography of porous graphite samples impacted by 0.5-mm diameter steel spheres have provided information on 
the projectile shape and depth of penetration. In the wide range of impact velocity considered here, various mechanisms are 
involved, in the projectile and/or target materials: compaction, plasticity, damage and failure. We have shown how the 
successive phenomena observed on our HVI experiments could be used to identify thresholds for yield and spall strength for 
the projectile. Moreover, we have identified the yield stress of the graphite target, for which we propose a linear dependence 
with pressure. These models allow a first numerical restitution of the experimental results. This study may be the starting 
point of a future work with more complex material models. 
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